The Fe II of the binuclear Fe II Fe III active site of pig purple acid phosphatase (uteroferrin) 
Introduction
Purple acid phosphatases (PAPs) are non-heme iron containing enzymes which have been isolated from mammals, plants, and fungal sources. [1] [2] [3] [4] One of the most widely studied is uteroferrin (Uf) isolated from pig uteri (M r ) 35 kDa; 318 amino acids). 5 The active form of the enzyme has a binuclear Fe II Fe III center, which catalyzes the hydrolysis of phosphate esters (eq 1). 1-4 Plant PAPs have also been studied, e.g., kidney bean (kbPAP), which has a binuclear Zn II Fe III center, 4, 6, 7 and in recent papers the Mn II [10] [11] [12] X-ray crystal structures of the 111 kDa homodimeric (disulfide-bridged) Zn II Fe III kbPAP enzyme (resolution 2.65 Å), the same protein with µ-phosphate coordinated (2.7 Å), and the product with µ-tungstate(VI) inhibitor coordinated (3.0 Å) have been reported. 7 More recently the structures of * Author to whom correspondence should be addressed. E-mail: a.g.sykes@newcastle.ac.uk.
† University of Newcastle. ‡ University of Queensland. § City University of Hong Kong. µ-phosphato derivatives of mammalian PAPs (38 kDa) from Uf (1.55 Å) 13 and rat (2.7 Å), 14 in the Fe III Fe III nonactive state, have been determined. The high-resolution Uf structure, Figure 1 , 13 confirms octahedral coordination at both metals. From sequence homologies and spectroscopic studies there are similarities with kbPAP, and the dimetallic ligation appears to be identical for PAPs from different sources. Thus the two metals are bridged by a µ-hydroxo group and a single O atom of aspartate, and the R-carbon atoms of the seven coordinated amino acids superimpose. The bridging hydroxide and other structural features are supported by physical measurements. [15] [16] [17] In addition three histidines (His-202, -295, and -296) are located near to the dimetallic center of kbPAP and are in positions where they can interact with free phosphate. 7 The corresponding residues in the mammalian PAPs are His-92, Glu-194, and His-195. In the mammalian structures it has been observed that His-92 and His-195 hydrogen bond to the bridging phosphate, 13,14 but no similar role is envisaged for . The conservation of two of the histidines, Figure  2 , and ability to superimpose the different structures suggest a mechanistic relevance.
In previous work on Fe II 
Experimental Section
Isolation of PAP (Uteroferrin). Uteroferrin was obtained from the allantoic fluid of a sow at mid-pregnancy and purified according to literature procedures. 5, 18 The purified Fe III Fe III protein was reduced to the Fe II Fe III state by addition of ascorbate (0.10 M) and dialyzed for 4 h against ammonium iron(II) sulfate (6 mM) at pH 5.0 (50 mM sodium acetate). This was followed by desalting on a Sephadex G25 column, and the buffer was exchanged using an Amicon filter with a PM10 membrane. The UV-vis absorbance (A) ratio for Fe II Buffers. Buffers (40 mM) used were as follows: glycine-HCl, pH 2.5-3.2; acetate-acetic acid, pH 3.2-5.6; and [bis(2-hydroxyethyl)amino]-[tris(hydroxymethyl)methane] (bis-tris)/(HCl), pH 5.6-6.2, all from Sigma. Previously the effect of acetate (which is potentially coordinating) was tested by variations in the range 25-55 mM, without any effect being observed. 18 Here runs were carried out with no acetate present using 4-chloroaniline (Lancaster Chemicals; pK a 3.98) as buffer at pH 4.9. All buffer solutions were prepared using water that had been singly distilled, and then passed down a deionizer column.
Procedure for PAP Substitution. The procedure for the conversion of Fe II Fe III enzyme to the apo-Fe III containing product has been described. 10, 11 This required the addition of a 10 µL aliquot of freshly prepared 1 M sodium dithionite to 1 mL of protein (60-300 µM) at pH 4.9 (100 mM acetate) to give [S 2 O 4
2-] (10 mM) under anaerobic conditions. After 1 min the mixture was separated using a small desalting column (150 × 5 mm, P6-DG desalting resin, BioRad). Within 2 min of elution metal-substituted PAP derivatives Mn II Fe III , Co II Fe III , Ni II Fe III , Cu II Fe III , and Zn II Fe III respectively were generated by adding the M II metal ion (50-650-fold excess) to the apo-Fe III form (∼1 mL; 150-300 µM).
-Mercaptoethanol (0.12 M) was added in the case of Mn and Zn to facilitate metal uptake. 10 After ∼48 h the solution was again passed down a small desalting column and the metal-substituted derivative collected. Uptake of close to 2 equiv of Cu II was observed, and treatment with edta was required to produce Uf that contained 1 equiv only of Cu II .
Metal Analyses of Fe II Fe III Uf PAP by ICP and Atomic Spectroscopy. Samples were prepared by digestion of a 1 mL sample with 1 mL of freshly prepared 1:1 solution of 30% hydrogen peroxide/concentrated nitric acid at 70°C for 5 h until the solution became clear. The solution was cooled, diluted to 5 mL in a volumetric flask, and analyzed by an inductively coupled plasma (ICP) technique (using a Perkin-Elmer Plasma 1000) and by atomic absorption (Shimadzu AA-6502S). A sample of distilled water (1.0 mL) was digested in the same way and used as blank. Analysis for Fe gave exactly two per mole of PAP. Some Zn (∼7%) was detected, but Cu and Mn were below detection limits. Analyses for Zn II Fe III Uf were also carried out.
PAP Metal Analyses by UV-Vis. The following additional procedures were used.
(a) Fe II /Fe III Content. The total Fe content was determined by reduction followed by complexation with DPS-phen. 22 The DPSphen (0.4 mg) was dissolved in glacial acetic acid (400 µL) and then added to the protein (500 µL), which contained a small aliquot of L-cysteine to reduce the Fe III 25 To the protein sample (1 mL) was added 18 M H 2 SO 4 (100 µL), followed by NaIO 4 (10 mg), and the solution was heated for 10 min. After cooling, the purple colored permanganate solution was made up to 1.1 mL and the UV-vis spectrum recorded. Three peaks were observed at 507, 525, and 545 nm. (a) Cu II Content. The Cu II of Cu II Fe III Uf was determined for aqueous protein solutions (1 mL) in glacial acetic acid (1 mL) by measurement of cyclic voltammogram peak heights. Scans were carried out over the range 700 to -300mV at a rate of 100 mV/s. The potential was held at -300 mV for 60 s to allow Cu metal to plate onto the electrode.
(b) Ni II Content. The Ni II component of Ni II Fe III Uf was determined by the same procedure as for Cu II . Scans were made over the range 0 to -500 mV at a rate of 100 mV/s. The potential was in this case held at -500 mV for 120 s. -were monitored at wavelengths ∼680 nm using an Applied Photophysics SX-17MV stopped-flow spectrophotometer. Absorbance vs time changes gave satisfactory uniphasic first-order fits, and hence rate constants k obs using Applied Photophysics software. Average k obs values from five triggerings were recorded. Protein concentrations were generally ∼45 µM, and [H 2 PO 4 -] values in the range 3.8-50 mM. The temperature was 25.0 ( 0.1°C, and the ionic strength adjusted to I ) 0.100 ( 0.001 M with NaCl. From studies on the reaction of R-naphthyl phosphate with Fe II Fe III Uf in which the formation of R-naphthol at 323 nm was monitored, maximum activity is observed at pH 4.9. 18 This pH applies also to studies on M II Fe III Uf. However because of the mechanism proposed, an extension of the simple enzyme kinetic treatment may not apply, and more detailed activity studies are not considered in this work. Linear and nonlinear data fitting was carried out using the software Mac Curve Fit, version 1.1.2 (Kevin Raner Software). Table 1S (Supporting Information) include a set in which the acetate buffer was replaced by 4-chloroaniline. This replacement has no effect on k obs , Figure 4 , and it can be concluded that acetate does not coordinate appreciably. 18 At pH 4.9 first-order rate constants (Tables  1S and 2S) are (9% at low pH and (3% at higher pH. A satisfactory fit to the empirical eq 9 is obtained, Figure 6 . Figure  4 (inset) is indicated, and an inhibition step K i is included in the reaction sequence (Scheme 1), from which eq 10 is obtained.
Results

Characterization of Metal-Substituted
1 (A 0 -A obs ) ) K [H 2 PO 4 -](A 0 -A p ) + 1 (A 0 -A p ) (6)Since k obs ) 0 at [H 2 PO 4 - ] ) 0, a dependence as in
At high [H 2 PO 4
-] this simplifies to the same form as eq 9 with A and B respectively k f /K i and k b . An examination of the fit (inset to Figure 4 ) makes clear the extent to which data is extrapolated, and draws attention to uncertainties in the quality of the fit. Hence the algorithm for the fitting is very sensitive to estimates of the fitted parameters. The following approach was taken to gain reasonable estimates. Approximate values for k b were obtained from the linear plots in Figure 6 and were used as initial estimates in eq 10. Satisfactory fits were obtained with K i ∼ 10 3 M. Finally, the number of variables was reduced by replacing K 2 by the ratio k f /k b . In the first round of fitting k b and K i were kept constant. This restriction was subsequently released to obtain an improved fit (fit 1). Last, K 2 was substituted back into eq 10 and the fit was rerun (fit 2 is shown in Figure 4 ). It turns out that K i does not change significantly; furthermore the same fit was obtained when an initial value of K i in the range 0.9-1.2 mM was chosen (data not shown). Likewise rate , all using 45 mM acetate buffer, and 3 with 18 mM 4-chloroaniline buffer (also in air), indicate satisfactory reproducibility. The solid line generated by fitting to eq 10 is shown, and in the inset this is extended to constants for the opening of the µ-phosphato bridge k b in eq 10 are very similar (factor of 1.6), and are as listed in Table  3 . Values of K 2 obtained from fit 1 and fit 2 are indicated, and a reasonable agreement is found. Similar behavior is obtained at pH ) 4.6, the pH used in earlier studies. 18 giving the inhibition effect apparent in the inset to Figure 4 .
Since K 2 describing the bridging process (Scheme 1) involves ligand substitution at the Fe III site, it is not expected to depend greatly on the identity of the divalent metal ion. Consistent with this, values obtained for the different M II identities lie within a factor of 1.6 (Table 3) (Figure 8b ). [31] [32] [33] The similar trends are of interest with the anomalous position of Cu II as expected for the Irving-Williams series. Previous observations 33, 34 that phosphate does not follow strictly the Irving-Williams sequence appear to be confirmed by the present studies.
Surprisingly both the rate constants k f and k b ( Figure 7 . The downward trend with increasing pH is assigned to acid dissociation of the more acidic Fe III -H 2 O, eq 15. Thus pK 1a is the main contribution to the trends observed, and from fits carried out values of 3.9, 3.9, and 3.6 respectively are obtained. Rate constants for bridge closure in eq 16 decrease at the higher pH's as Fe III -OH 2 is replaced by Fe III -OH -, because anionic phosphate does not as readily displace OH -as H 2 O. In the case of the phosphate ester ROPO 3 2-, eq 17, the displacement of OR -on the P V by the OH -results in ester hydrolysis. The activity of this process peaks at pH∼4.9 when maximum Fe III -OH -is present.
